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摘要: 【目的】硝化—反硝化和厌氧氨氧化是湖泊生态系统重要的脱氮方式，而氮循环微生物的丰度和群落结
构的变化能反应湖泊生态环境的情况，作为评判生态修复的重要指标。【方法】本研究通过模拟培养实验、
原位悬挂实验和荧光定量 qPCR的方法，探讨水蕴草 (Egeria densa)、狐尾藻 (Myriophyllum verticillatum)和苦
草 (Vallisneria natans)对根际沉积物中无机态氮含量和氨氧化古菌 (ammonia oxidizing archaea, AOA)、好氧氨
氧化细菌 (aerobic ammonia-oxidizing bacteria, AOB)、反硝化细菌、厌氧氨氧化菌 (anaerobic ammonium oxida-
tion, Anammox)数量的影响。【结果】3种沉水植物均能显著降低根际沉积物中的铵态氮含量 (P<0.05)；狐尾
藻和苦草根际沉积物 nirS、nirK、nosZ基因拷贝数升高；苦草和狐尾藻 AOA amoA拷贝数升高，AOB
amoA拷贝数降低；水蕴草根际沉积物 nirS、nirK和 nosZ功能基因拷贝数均降低，但 hzO基因拷贝数显著增
加 (P<0.05)。【结论】反硝化是狐尾藻和苦草根际沉积物的主要脱氮方式；苦草和狐尾藻对 AOA amoA具有
选择性，AOA是沉积物中氨氧化过程的主要承担者；厌氧氨氧化过程是水蕴草根际沉积物的主要脱氮方式。
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Abstract: ［Purpose］Nitrification-denitrification and anaerobic  ammonium oxidation  are  import-
ant denitrification ways in a lake ecosystem. The abundance and community structure of nitrogen cir-
culating microorganisms can reflect the ecological environment of the lake, and it is an important in-
dicator to judge the ecological restoration.［Method］Simulation experiment and field investigation
were designed to study the effects of Egeria densa, Myriophyllum verticillatum and Vallisneria natans
rhizosphere on the inorganic nitrogen content and the functional gene abundance of several typical ni-
trogen cycle  microorganisms  using  qPCR method,  such  as  ammonia  oxidizing  archaea  (AOA),  aer-
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obic  ammonia-oxidizing  bacteria  (AOB),  denitrifying  bacteria  and  anaerobic  ammonium  oxidation
(Anammox).［Result］Three  submerged  plants  could  remarkably  reduce  the  ammonia  nitrogen  in
the rhizosphere sediment (P<0.05). The copies of nirS, nirK and nosZ gene were increased in M. verti-
cillatum and V.  natans rhizosphere  sediments.  The  copies  of  AOA amoA were  increased  but  AOB
amoA were decreased in M. verticillatum and V. natans rhizosphere sediments. nirS, nirK and nosZ
gene copies were decreased, but hzO gene copies were increased significantly in E. densa rhizosphere
sediments (P<0.05).［Conclusion］Denitrification was the main way of nitrogen removal in M. ver-
ticillatum and V.  natans rhizosphere  sediments. M.  verticillatum and V.  natans were  selective  for
AOA amoA, and AOA was the  main contributor  to  the  ammoxidation process  in  sediments.  Anaer-
obic  ammonium  oxidation  process  was  the  main  denitrification  way  of E.  densa rhizosphere sedi-
ments.
















绿微囊藻 (Microcystis  aeruginosa)的生长 [6]；苦
草 (Vallisneria natans)能抑制羊角月牙藻 (Selen-




















不足 0.1%[13]，氨氧化古菌 (ammonia oxidizing ar-
chaea，AOA)在数量、多样性及栖居范围方面都



















物，水蕴草 (Egeria densa)、狐尾藻 (M. verticil-




1   材料与方法
1.1    试验材料
试验用沉水植物 (水蕴草、狐尾藻和苦草)取
自滇池草海西岸湖滨带，驯化 1周，取顶枝
20 cm备用 (苦草取整株，高度为 20 cm)；沉积物
取自滇池草海东南湖滨带 (102  38'55.27″E；24
58'19.84″N)，过筛、混匀后备用；试验用水取自
滇池草海湖滨带，过浮游动物网筛后备用。试验
开始时间为 2016年 8月 12日，秋季。
1.2    模拟培养试验
将沉积物混匀后分装到 140个 1 L的塑料碗

















1.3    原位悬挂试验












1.5    DNA的提取和实时荧光定量 PCR
称取 0.25 g冻干的沉积物样品按照 E.Z.N.A. ®
Soil DNA Kit试剂盒 (Omega Bio-tek, 美国)的说
明书进行沉积物 DNA的提取。
qPCR扩增反应体系为 DNA模版 1 μL，正
反向引物 (20 μmol/L)各 1 μL (武汉爱康健生物技
术公司合成)，2×iTaq Universal SYBR Green Su-
permix 10 μL (Bio-Rad Laboratories, 美国)，加无
菌双蒸水至 20 μL。实时荧光定量 PCR反应在
Bio-Rad CFX96  system  (Bio-Rad  Laboratories,  美
国)中进行。扩增引物和反应条件见表 1。阴性对
 
表 1   氮循环微生物功能基因 PCR扩增引物和条件






























95 ℃，5 min；(95 ℃，45 s；50 ℃，1 min；72 ℃，1 min)×40[22]
HzO1R：GACATACCCATACTKGTRTANACNGT













析 (One-way ANOVA)，然后用 Tukey检验比较
各样本数据之间的差异显著性，P<0.05认为在统
计学具有显著性差异。
2   结果与分析








































在第 210天显著高于对照组 (P<0.05，图 3A)；悬








AOB amoA/AOA amoA比值显著低于对照组 (P<
0.05，图 3C)。悬挂于滇池 300 d后，苦草根际沉
积物 AOB amoA的基因拷贝数高于对照组 (图 3b)，
AOB amoA/AOA amoA比值显著低于对照组 (P<
0.05，图 3c)。




照组 (P<0.05)，狐尾藻和苦草在试验末期 (210 d)
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著性差异 (P<0.05)。VN. 苦草根际；CK. 对照；下同。
Note：A), B) and C) represented that the content of ammonia nitrogen, nitrate nitrogen and nitrite nitrogen in sediments of three different submerged
plants (E. densa, M. verticillatum and V. natans) in simulation experiment, respectively; a), b) and c) represented that the content of ammonia nitrogen, ni-
trate nitrogen and nitrite nitrogen in sediments of V. natans in field investigation, respectively. Data are expressed as mean±SD (n=3). Data with different
letters or asterisk (*) indicates that they are significantly different (P<0.05). VN. V. natans; CK. control; the same as below.
图 1    不同沉水植物根际沉积物中无机态氮 (铵态氮、硝态氮和亚硝态氮)的含量
Fig. 1    The content of inorganic nitrogen (ammonia nitrogen, nitrate nitrogen and nitrite nitrogen) in sediments of
three different submerged plants
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3   讨论
种植沉水植物能显著降低根际沉积物的铵态
氮含量 [23]，如金鱼藻 (Ceratophyllum demersum)、






























































































































































注：A)和 B)分别表示不同沉水植物 (水蕴草、狐尾藻和苦草)模拟培养实验根际沉积物中的硝化速率和反硝化速率；a)和 b)分别表示苦草
原位悬挂实验根际沉积物中硝化速率和反硝化速率。
Note：A) and B) represented that the sediments nitrification and denitrification rate of three different submerged plants (E. densa, M. verticillatum and
V. natans) in simulation experiment, respectively; a) and b) represented that the sediments nitrification and denitrification rate of V. natans in field investiga-
tion.
图 2    不同沉水植物根际沉积物中的硝化速率和反硝化速率
Fig. 2    The nitrification and denitrification rate in sediments of three different submerged plants

























































































































































































































































































































水蕴草 E. densa 狐尾藻 M. verticillatum 苦草 V. natans 对照 CK
0 48 210 0 48 210 0 48 210
VN CK VN CK VN CK
处理 treatment 
注：A)和 B)分别表示不同沉水植物 (水蕴草、狐尾藻和苦草)模拟培养试验根际沉积物中 AOA和 AOB amoA基因的拷贝数；a)和 b)分别
表示苦草原位悬挂试验根际沉积物中 AOA和 AOB amoA基因的拷贝数；C)和 c)表示 AOB与 AOA amoA基因拷贝数的比值。
Note：A) and B) represented that the copies of AOA and AOB amoA genes in sediments of three different submerged plants (E. densa, M. verticil-
latum and V. natans) in simulation experiment, respectively; a) and b) represented that the copies of AOA and AOB amoA genes in sediments of V. natans
in field investigation, respectively. C) and c) represented that the ratio of AOB and AOA amoA gene copies.
图 3    不同沉水植物根际沉积物中 amoA基因的拷贝数
Fig. 3    The copies of amoA genes in sediments of three different submerged plants




















































































































































































































































































时间/d time 时间/d time处理 treatment 处理 treatment
水蕴草 E. densa 狐尾藻 M. verticillatum 苦草 V. natans 对照 CK
0 48 210 0 48 210
0 48 2100 48 210
VN CK VN CK
VN CKVN CK
 
注：A)、B)和 C)分别表示不同沉水植物 (水蕴草、狐尾藻和苦草)模拟培养试验根际沉积物中 nirS、nirK和 nosZ基因的拷贝数；a)、b)和
c)分别表示苦草原位悬挂试验根际沉积物中 nirS、nirK和 nosZ基因的拷贝数；D)和 d)表示 nirS和 nirK基因拷贝数的比值。
Note：A), B) and C) represented that the copies of nirS, nirK and nosZ genes in sediments of three different submerged plants (E. densa, M. verticil-
latum and V. natans) in simulation experiment, respectively; a), b) and c) represented that the copies of nirS, nirK and nosZ genes in sediments of V. natans
in field investigation, respectively; D) and d) represented that the ratio of the copies of nirS and nirK.
图 4    不同沉水植物根际沉积物中反硝化功能基因 (nirS、nirK和 nosZ)的拷贝数





















































































Note：A) represented that the copies of hzO genes in sediments of three different submerged plants (E. densa, M. verticillatum and V. natans) in simu-
lation experiment, respectively; a) represented that the copies of hzO genes in sediments of V. natans in field investigation, respectively.
图 5    不同沉水植物根际沉积物中 hzO基因的拷贝数
Fig. 5    The copies of hzO genes in sediments of three different submerged plants










4   结论
种植沉水植物能显著降低根际沉积物的铵态
氮含量；狐尾藻和苦草能显著增加植物根际沉积
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